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too*! Jrtv in the pxscr f . fcU.tu <ii»v v v\ edits to ■: U*.ra& 

Stress oiBtri’iVti: Stf Vi to.'i *t £. CiTtftiu .tM xl jCVC,! vlli «av sc 
fovicclto . ca*® i.r ®j»* sen cenfcmiiy ve stress la~ 

tributicn to tv.ioya^triCj, stM a avtottou •. f t. 

ot&HXity oq mtioua techies ^c^itabie. The \r-r. sc vf brie tovcevi- 
jStbiea vc6 to nerf\.r« es^r&reUu tears tc obbsto fiat* an t xq-uIIv, 
behaartor f the test viftt&s ml to o^tslij e theoretical aulutto n 
afjeio**. vhicb. tu -bc dnfco. zai^ht be cc ;; > a-ec,. 



2 ..£ Teat 

T*, achieve a stress distrltoxtion up- .wlsuitciy that cf .tone 
stress, <*nt oust cvrprc ‘ilea between & plate th4c',rae«s »Mh tl*.t * 
t® jperaVJtre '’"ad lent (enG therefore * stress ..T^Stont) «xls';o -cross 
the thictn-sa, wrui one co this ‘.tot initial flatness la w*’ ton er 
a ^e*ac i&ble t-scr Three c mvj K iel's® 1 c«s |Owrrt»€ the el* . ’See 

..cf teat late thievnasa. 



Two test discs were oosd. Disc He. 1 vn 202b eolG.~roil#d 
steel, toC?& in. in this avas -traS < 2 . to. in disaster. Use Xok f 
was 332** <<& '‘3r>5 alaftlmva, O.OuU to. to thickness :.n& 12 to. in 
Gievna ter. Use of c- ties' eciuirsaeat described to Section tot eraxi' to' 
t;e ejection cf test discs vtoch were to & bi^i <to :n®e inittoa 1/ 
fist sad f*s# f a arf acs i*eperf set lane. Typical test ^x. too are 
a s^i>i in V i~ ♦ x . 



2.3 --'tote 



fcr.it "V T? ■tk<> it 4 } 



The test disco vere fixed in stes^. ’s.antirv rir. 4 a, s ;,vr, to 
Ftp. i. These rines verts •. r ; inch thic , < f o.vfc*-r Gts-atcro 1? to. 
end i in., J. •r' /i&vx, tine d-ai reit-ilro.'rent c-f **?! o fixity »«. fc*et 



This ex i;v ' .rvc.n, ■- ac:xt resulted 
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Fig. 1 Typical Test Plates 



T:v .->-00* vlo** -iimt *.•«*. wsi# su .^rV -I by r evoe 

test stone W vMofc e-uv iliary equi r»at ’‘**3 ottacbed. #ossro# of ft e et 
vps * ’keti; ’house >'. 0 ^/ 3 FL s-'ilii a^nric 1* wr, iJSO volte s. , 
.'"oumcu tv th* test ju#tt . V ryii% it ■ nture ciatri*rat i--r.s wen 
obtain ■•- tty Uv» d !?»*«■ ter f ' iu *v-t spots throu h -f 

oanultr cf sandwich e-.natr : Xeoed si'Jicr :*>unt- 

ia.. rt?fi-cfc._rs •. n the underside of Lbs teat stem. Throe ref .Veto re 
consisted C llw Jt * I* -4 era »aea <f reflective alutln..t» »© ; * rot,e& by 
s/l. in» e acers. la oddities, e ane-inch : y 1 r* f ,Jtaee va i *ctv?*i 
the reflector* end fcfas test Plate .served to localise tfc* ppltcatie; 
of heafc cr 17. Lnycra of wiwn :„lws8 fiber were »sed t r • l e 

«i*c“p redialif-n t achieve er* WKisyxsetric t^*&peratvire lievriWtl n. 

The test stead, amjatirv rin*,o, a: and reflect rs 're exva 

xCi t* • y. 



2 .'* Toyryrnt'.irg > nsarc-aeat 

Ttopcra tureo were a&asurcd by chrc«eA*ait.»ol tl»r»oc m «. 

Fuainc of the chrawl and elates! wires lets the tiaeraoeoupie head. ..«d 
tic attach sent f the tberac'ceuplr to the ylrte were dcae by uklng *. 
portable capacltcr«4ieeher#e welder declined end built in the jab retwry. 
This device has variable capacity and dUc&nxvea mtc features, which 
allow the dwnut. c 'u. -tee t< be attached tr osateri&le *f vary it; physical 
properties. 

1 levea tJ^reoccu^le* were placed ?\o the flve-ineh radios cf ih* 
test i late, 8tfccc4 at rnc -quarter end . ne-half Inch Intervals where t** 
•rad lent vea steer , and at gre at er avseiiw* el#w5»re. 2*eciry varied 
sllrhtly fur the steel sjod elvMin r.3 pv.tes, devMS&iitfi tn wtist was repaired 
to obtain r : r- ««r distributing. ffc»r*jcotijie location for the eJLaait.. a 
pinto is ccicvn. in Fir • **• 
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Fig. 4 Thermoccup.. Location 
(Aluminum Plate) 






*«■ ru*r f i • • . ifv" -a f suvtn wt«r avSn tt' 4 



••" icuti sttcillc veea •{ ?» t 4 ,r &* vawrfi in tb* <tW»iv< tivtt -f 
tiw sciii. u • >• . The- raauor ',uC ?. scale f 30 G *•*£>. r unite reT 

inch - f ■ e.j vans-aeter ftfiu,’. *cc awy in us in* the roadtsr is estif? t«d 
at 3 waits, wrree/onfiiAL t-.- 0.005 tillivt its » <w tJbotfc wii»«fMYt«r tefre« 
Fahrenheit. typical oscillograph rsooHL ie thrum in F%. 5, 



rroli? isary teats shoved rJsstantleX temperature 
to convection e.’wmtu stcut ‘lit- tfw rmneou; > ies . Ccv** 
clay powder seined title problem *.q& re&jesd pvsslbie 



fluctufxt Inna sl- 
rin, tt:« with fir. 
rsdlctien 1< uses. 



2.5 cgvel ? '.r.t P n Optica I Sychev fry ffrollinr data yet n t l<~n 

Proper experimental technique in detenaimilcc of bucolic f chin 
pie tea not requires the tite--. rlentsd detection of very assail dls- 
piaosrsante jt but also that the buc.tllnc is act influenaeu by the .ctbaa of 
efeserwttltw. /45y Iced in, morsel to the surface of tba i.late, a^ch » a 
that cm* ted -y a dial gat©# vill have en cbvio&e effect on the test •♦soils. 



In the early stacks of this c*per4rcontsl wort, considerable attiay was 



fiven to a raWcer of transducers, Ineiudin . varlaole reluctance, lineta* 
potentiewaeter, end ecpoelty types. In each ease, tfcn sms* conclusion v«s 



readied; there was to soa* decree sn tajdeairable interaction. 3 ae type 
cf optical syaieat eceaed feasible, and after research aa •plication cf 
the iiln ncehazxlcfti Interferenc® frln y* • rlaeiple vouj selected. Mth 



this technique t . .0 specimen, or a sc*,, writ t? it, becomes part of a srfrrer 
system. Basically, displacement of i projected parallel liat system w»»« 
vbers the slope of the piece chants. This tliaplacesssnt, in effect hi juy 
aerified 'ey oae cf soother system allyhtiy sieved Urns, -is projected 
cn a ail* ■,;.&»* xste for observation and photoymphirs . Tlx 21 ire »&thc . 
is described in <f,vrea*?.ix I. 



JeveloteKut ;rf the optical cysts** produced seat* utv. ccted ndvr-nofi, e-s.- 
The hi.di sensitivity cf the eystc all. «el n excellent inerecti' « for 
initial f let ix as and surface defects. Ft®. ' »ho«*s the fria.e re item 



for a i 1 tt- recocted beeaus* -f tv ) dl v ies '"n,r'y O.fOS it. In 
dsrtfc. .,*cfl, £ti«ss of 0 .js »5 tc 0.0010 in. were cMJaiateistly 4kAeetable 



eye 
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Fig. 5 TYPICAL OSCILLOGRAPH RECORD 
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Fig. 6 Rejected Plate Fringe Pattern 





.•uvneri lentai eqcljnent ts e x-vn In Pi. . 7* * trtc^o 5® 

faint *> diMMKmftbj* on the nJ,Ih /ifcca v levin,. ->.» te. fite the* carwrv* sice 
tf the £.ir-ss, inlttsl ?>• attics <•«£ the frltvx* va© indicated by «• c iaa- 
Martin,;, pencil. An electric elect with sweep sec'&i hand use (n 

t> canera fioil. .* Bell ©nd Sewell •otit® picture m-isara, wish Knevaan 
Tri-X reversal fiXa unaereaejosed for contrast , was used fc>. record frltv* 
aoverient. Xr. a4d.it iff?, t the fils reevrd, a mnu&l inpMt of vcltatpe to 
one cf the oncillc^rajti channels at buckling unset end a stopwatch, gave 
edditicn&l chests .« huctlisv tirw. 

Fringe patterns befere and after TMCfcltu ere shewn in Fi a. '3 ana 
J respectively'. 
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Fig. 7 Experimental Equipment 
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Fig. 8 Unbuckled Plate Fringe Pattern 




Fig. 9 



Buckled Plate Fringe Pattern 
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nr- fttxiffi' 



5.1 -leo^e : f iv pt'lp 

Tsr” fce-corvtvre list rib utica® f- r «aci* .«ox disc wure iltalned by 
using cnnu.Uir reflect'- rs having vcrlnble sized 'i-oXe-s (Fig. 3). For 
steel; tv*"- .-ad three -laah. holes were v©©&, &ad for aluniain, and 
tvo-.l**ch bcj. -s. 



3.2 Syv^ 1 try Chccls 



To checV »jy-"3Stry; test- run* were esadk* with tho theraecout' le eon- 
f laurel it o shorn la Fig. 10. The vartfcfclwa in wssperatures fter theme - 
couvits eaulaiatant fresa the center svesiMed ene-<jufcrt*r <2*. jree, the 
ceticsated accuracy cf fcas^rature ««s&s’as*e’aant. 



3.5 /c-cave.J.wfcion of £teta >■ rA 11 - < rvteX Results 

In addition to ttw epaaeiry cheeks t prelisdrauy runs vena "satle tc 
achieve e n*iofccr.ts results. Inconsistencies such *• Dmi caused by 
convective curro*ta were e!l*isr ted before reeordIj\. date. frees eight 
runs, *tnoMn in Trial© I. .Ongtple calculations f«r f5ua Ho. 5251& ore giver 
in Appendix III. 



A \V fc t*f Use taupe rature distribution n©roa»ter, , for typical 
runs is shown in Fig. 11. The curves ere well 6prroxiB»to« by a 
■HUimfl g>^r*» carve (Fig. XI ~i, fage 52 ). 

Stress distribution, c, % , is shewn in. Fig. 13 for fear f the test 

rcaas. 



5. h let ensign of X: IrrcGStl -nti on 

ZS'fzprv&Xiirc distribution data can be considerably av- ,**ent#d by use 
c? Jj34-,.«r y Ufi, mryirv.; tiilcfcncftCco and w. serial*} am the results 
cn£3r.st‘©-.l wita the theoretical yrcdleii/ r:s 'wnH -» Fly. IS and Fly. ll 
(**?cU u ^.i). 




Fig. 10 Thermocouple Location for 
Temperature Symmetry Check 
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Temperature Distribution Curves 
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Fig. 12 Buckling Stress Distribution 
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ohi’ botwvet. the ;Cfct energy ic. 
at Are, *1 , » nu Uae b<*c ilin • ti-ae* 



Q y rnd the crifciot-1 cftasse&i. tesyer- 
t : 



«. -,n 

4. ** w. 
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T ** 



where '>0 si would be determined from expc r ioieo, till result®, 

tu:<2. fro-_ tl’jc rr ; *rti..«: 

h » : fc? av 

V 



» Zvctt Tr&r 
ti 

where c is the specific heat sad * is the density. 

An iafsewetiag extension, is this field of investigates ri^tt l* to 
perform tests vitb aesv-eencent ric l«ct spots to arteradao t -o v ; t c«Jir v 
behavior ®r*i tv derive a space pgr w a st er related to the nou-ccaeent ric J ty . 
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«•. v ♦ > ij 

♦> - ;1 ,ffi 

Tij,' f-. il %**..- in; t #lc as*e«nptiis» t« aEu.it tn fci j tlseiiv^iccl 
Cevo} 2" s?:j ; 

1. ?e ■f'Q-cs.tx^'Q distribution &t*i adoe roo.;miat aw aitlo^asstrlc* 

£•♦ *3ao ,\*vta le fins, vgit&trsa in tiiiasys- w>, ur*atrt<KMM 

xrs4 at ■’sif '-rw torrxjrf-t.ui^ * 

3. Tiar vO 2 *3 jer?o«tly <, Ift&tle, ismrveatxu-s tow lo^fcr-vie* 
i>.C* 2*. * £*|ySg 
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Fig. 13 Buckling Parameter -Temperature Distribution Plot 
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Fig. 14 Temperature Distribution Curves 
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INTRODUCTION 

Success in experimental research depends upon the ability to measure 
length, time, and mass with precision. Thus over the years, much thought 
has been devoted by experimentalists to techniques for determining these 
quantities. Optical methods have long been accepted as the most precise 
for the determination of the flatness or shape of an object. Therefore, 
all engineers are acquainted with the principles of interferometery, the 
diffraction grating and the use of the optical comparator. 

The structural problem with which we have been concerned is the 
determination of time of buckling and mode, in a plate heated in its 
center. It is clear, in a problem of this kind, that the means of meas- 
urement should not influence the results of the experiment. 

Thus in our planning, many kinds of transducers or methods were 
considered, but in each case we found that there was an inter-action 
between transducer and the plate. Among the types of transducers we 
considered were: capacity type, gages,, variable reluctance pick-ups and 



The research outlined in this paper was sponsored by the United States 
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Department of Aeronautical Engineering at Stanford University under the 
direction of Professor W. H. Horton. 



- 



also linear potentiometers. They were all discarded in favor of an 
optical method. Clearly, a straight modification of the "basic inter- 
ferometric principle used for the determination of flatness is hot 
possible, because the heat would cause the optical flats normally used 
on this type of work, to distort and so would interfere with our 
results. But the "Moire" pattern to be described in this paper does 
not have this disadvantage, nor indeed does it in any way interfere 
with the problem. 

As we shall show, the method is extremely simple, accurate, low 
in cost, and readily available in any research laboratory. Indeed, the 
phenomenon has been observed by us all, usually without appreciating its 
significance. Most of us have noticed that the overlapping of two lat- 
tices of nearly equal mesh produces visible fringe patterns when viewed 
against a light background. Because this effect is merely mechanical, 
and is not related to the nature of the light employed, it is convenient 
to refer to it as mechanical interference. It is the purpose of this 
paper, to investigate the possible uses of this phenomenon in connection 
with the determination of the buckling of plates. 



GENERAL 



When a uniform set of parallel lines, produced on a transparent 
material, is superposed on another set of identical lines and moved in 
a direction normal to them, we get alternate light and dark lines 
(fig.l). This variation is produced as the two sets of lines alter- 
nately overlap and interlap and is strictly a mechanical effect. If 
the spacing of one set of lines differs slightly from the other, the 
alternate areas of light and dark occur without relative movement 
(fig. 2). The dark areas parallel to the lines are interference fringes. 

Fringes are also visible when a set of parallel lines, produced on 
a transparent material, is superposed on another set of parallel lines 
at a slight angle (fig. 3). The greater the angle between the sets of 
lines, up to a limit of ninety degrees, the greater the number of fringes. 



V 



For small angles, the fringes are at almost right angles to the lines. 

o 3 

The relation being given as 90 ± ^ w h ere P is the angle between the 

sets of lines. If h is the line spacing, the fringe spacing is 
li 3 

2 cosecant — • This type of mechanical interference is known as "Moire” 
fringes; the name coming from the French and meaning: "having a wavelike 
pattern". 

The physics of the method is extremely simple, it is nothing more 
than the reflection of a ray of light from a surface (fig. 4). The change 
in angle of reflection is twice the change in angle of the reflecting 
surface. If the deflection of a reflected light ray is measured at a 
known distance, the change in slope of the surface can he calculated from 
geometry. As a simple expedient in hookkeeping of the rays, we use move- 
ment in one direction and alternate the color of the rays in that direction. 
In our case we use alternating hlack and white parallel lines. Sensitivity 
of the system can he increased hy measuring movement of the associated 
"Moire" fringes. The sensitivity is directly proportional to the cotan- 
gent of the angle of rotation between the two sets of superposed lines. 

The method is not new. It was first reported in 1948 hy Weller and 
Shepard of the Naval Ordnance Laboratory, Washington, D.C. Their short 
paper described some of the possibilities of the method. It was followed 
in 1955 "by a paper given hy Ligtenberg from the Technological University 
of Delft. This paper was titled "The Moire Method - A New Experimental 
Method for the Determination of Moments in Small Slab Models". Ligtenberg 
placed a model with a mirror surface in front of a circular screen on 
which was ruled six lines per inch. From the center of the back of the 
screen, he viewed the reflected lines shown in the mirrored surface. 

Using a camera, he recorded the initial position of the reflected lines. 

The model was then loaded in such a manner that the deflections were 
normal to the screen and hence the change in slopes of the model surface 
caused the reflected lines to appear in a different position. A second 
exposure was superposed on the same film and consequently after develop- 
ment, "Moire" fringes appeared. From geometry, slopes of the model were 
calculated. 
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DEVELOPMENT 
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In order to develop a satisfactory procedure for measuring duckling 
deflections in the thermal stress problem, work was divided into three 
stages : 

1. Development of the basic optical and photographic techniques. 

2. Application of the techniques to a flat plate simply supported 
on two edges. 

3. Actual application to the thermal stress problem involving 
a thin disc. 

The first stage: A polaroid land camera was used to make a lantern 

slide transparency of a set of ruled parallel lines. Line and spacing 
width was one-sixteenth of an inch. A 35 mm slide made from the trans- 
parency was projected on a 10 X 12 inch alzac test surface with a La 
Belle 500 projector. The image of the lines was reflected from the test 
surface to a 20 X 20 X 1/8 inch milk glass focusing plate. The optics 
and equipment were symmetrically placed with respect to a horizontal 
plane, with the parallel lines and supporting edges of the test plate 
also horizontal (fig. 5 ). This orientation provided maximum intensity 
and contrast because of the surface condition of the test plate. In 
manufacture of the alzac, minute scratches were made on the surface in 
line with the direction of rolling. These caused diffusion of the 
reflected light. With the projected lines oriented at right angles to 
the scratches, the diffusion of light reinforced the lines and hence 
intensity and contrast were at a maximum. 

The second system of parallel lines was formed by placing paper 
strips across the back side of the milk glass, inclined by about ten 
degrees to the reflected horizontal lines. The optical distance of five 
feet produced lines of approximately three -sixteenths of an inch wide. 
Intensities of the two sets of lines were matched by varying the density 
of the paper strips. The "Moire" fringe lines which appeared on the 
milk glass were successfully photographed with a Speed Graphic Camera 
(fig. 6) . 
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Fig. 5 
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It was found that the accuracy of the line spacing was most important 
in order to produce smooth fringes. Drafting tools were used to rule the 
set of lines photographed in this test, hut the uniformity of spacing was 
not the hest. It was also found that more lines per inch were necessary 
to eliminate the jagged appearance of the fringes. 

In the second stage, the geometry of the optics in the simply sup- 
ported plate problem was as shewn in figure 7* Two assumptions were made 
in our analysis. Delta is much less than B and tan 2 <p is much less 
than one. Since the deflection of the plate is of the order of one -tenth 
of an inch and B is of the order thirty inches, delta can he neglected. 
The movement of the projected lines on the focusing plate is a function 
of the angle CL , which varies for each line. The angle Ct correspond- 
ing to any projected line can he obtained from geometry. The maximum 
value for tan Oi is 0.15 and for fringe movements up to about 25 inches, 
the error in assuming tan CX tan 2$ equal to zero is less than 1$. 
Therefore, the equation reduces to D = B tan 2<& and a solution for 
the slope <5> for any observed line displacement is obtainable. 

One main advantage of this method of measurement lies in the sensi- 
tivity which is gained by measurement of the relatively large movement 
of the fringe T for small movement of the reflected line D . The 
slope at a distance x from the origin is therefore determined from the 

r 

equation tan 2<±> = g- tan (3 . 

To demonstrate the sensitivity, three central deflections were used 
at the one -quarter point of the test specimen. The angle between the 
sets of lines being 10 degrees. For a central deflection of one -tenth 
of an inch, the fringe movement corresponding to the change in slope at 
the one-quarter point was 7 inches. For a deflection of one one -hundredth, 
the fringe movement was approximately three quarters, and a one one- 
thousandth, a sixteenth. The high sensitivity achieved with this method 
is evident. 

The development is now in the third stage and is based on the follow- 
ing proposal (fig. 8). In the actual experiment, temperature and deflection 
will be recorded versus time from the instant the heat source is turned 
on until thermal equilibrium is reached. A motion picture camera will be 
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PROPOSED SYSTEM 
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HEAT SOURCE 



used to record changing position of the fringes. A stop vatch and scales 
will he included in the photograph to indicate the time on each frame of 
the film and establish the magnitude of fringe movement. The determination 
of time of initial buckling is simply determined by noting when movement of 
the fringe -is apparent in the developed film. The actual movement of the 
fringes can be read by enlarging the appropriate frame for any given time, 
to a convenient size. 

In testing the thermally stressed disc, it vas desired to mount the 
disc in a horizontal position, therefore, two plate glass mirrors were used 
to reflect the light rays to a more convenient position. 

In preparing the slides for the final test, it vas found that cello- 
phane tape vas available in vidths of one -sixteenth of an inch and larger 
and in a variety of colors. The tape is sold under the trade name of 
Applied Graphics Corporation Drafting Tape. 

A very precise set of parallel lines vas constructed using three 
thirty-seconds tape, on frosted glass. This vidth vas convenient to vork 
vith and the glass made it easy to adjust the tape. The use of tape also 
gave maximum definition to the line edge. 

One of the problems vith the earlier black and vhite lines vas locat- 
ing on the focusing plate, a point corresponding to a specific point on 
the test surface. A particular line could be traced through the optical 
system but because of the nature of the pattern, the lines soon begin to 
interchange and vere difficult to follov. The nev set vas made using 
colored lines alternating black, green, red and blue. The lines, laid 
out in a fifteen inch square on the frosted glass, vere photographed vith 
a speed graphic camera using strobe illumination. The second set of lines 
vas constructed vith a spacing of thirty-six lines per foot by making a 
positive from a black and vhite negative. DuPont "Cronar", a dimension- 
ally stable, high contrast litho film vas used for the positive and is 
available in 22 X 29 inch sheets. The positive vas sprayed vith "Quik- 
Stick", a spray adhesive, on the emulsion side and simply stuck to the 
tvo and one -half foot square milk glass focusing plate. 
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A LaBelle 500 projector is used to project the two by two slides 
oriented with the lines vertical, to eliminate problems caused by the 
double image from the first surface of the mirror. In other words, the 
lines are simply reinforced by their own image. 

The set of lines is reflected from the first mirror to the reflect- 
ing surface of the alzac test disc, then to the second mirror and finally 
through the second set of lines onto the milk glass. From the opposite 
side of the focusing plate, the individual lines and "Moire" fringes are 
clearly visible. Figure 9 illustrates the fringe pattern before buckling 
and figure 10 shows the fringes after buckling. The figures were taken 
from a l6 mm movie of a test run. The fringe movement is converted to 
slope using the derived formula and deflection obtained by graphical 
integration of the slope function. 



CONCLUSIONS 



In conclusion I would like to say, while further development is 
clearly required, we believe that this presentation of the "Moire" method 
has demonstrated that it is possible to determine the time of buckling 
of a loaded body with precision, that it is feasible to determine the 
mode of buckling over a relatively large area and that the equipment 
needed for such investigation is simple, inexpensive and readily available 
Since contact with the object under investigation is totally unnecessary, 
the method can be applied in cases in which environmental conditions or 
interaction problems make the use of normal instrumentation either extreme 
ly difficult or not applicable. 

It is important to point out that changes in deflection are derived 
from changes in slope, and therefore the technique is not restricted to 
initially plane surfaces or unloaded specimens. 



Fig. 9 



FRINGE PATTERN BEFORE BUCKLING 




Fig. 10 



FRINGE PATTERN AFTER BUCKLING 
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